Abstract The effect of combining the photocatalytic processes using TiO 2 and the photo-Fenton reaction with Fe 3+ or ferrioxalate as a source of Fe 2+ was investigated in the degradation of 4-chlorophenol (4CP) and dichloroacetic acid (DCA) using solar irradiation. Multivariate analysis was used to evaluate the role of three variables: iron, H 2 O 2 and TiO 2 concentrations. The results show that TiO 2 plays a minor role when compared to iron and H 2 O 2 in the solar degradation of 4CP and DCA in the studied conditions. However, its presence can improve TOC removal when H 2 O 2 is totally consumed. Iron and peroxide play major roles, especially when Fe(NO 3 ) 3 is used in the degradation of 4CP. No significant synergistic effect was observed by the addition of TiO 2 in this process. On the other hand, synergistic effects were observed between FeOx and TiO 2 and between H 2 O 2 and TiO 2 in the degradation of DCA.
Introduction
Advanced Oxidation Processes (AOP) have been intensively investigated over the last two decades for application in water and wastewater treatments. Among those processes, heterogeneous photocatalysis using TiO 2 and the photo-Fenton reaction have received great attention especially when solar irradiation is applied. Due to the TiO 2 absorption of up to 380 nm, only approximately 3% of total solar energy is actually used. Despite this low absorption, previous studies have shown that relatively high degradation efficiencies can be achieved (Nogueira and Jardim, 1996; Krutzler et al., 1999) . In the case of the photoFenton process, the higher absorption of iron salts in the visible region, especially when complexed to polycarboxylates such as ferrioxalate (Safarzadeh-Amiri et al., 1996) , has stimulated its application for solar light wastewater treatment.
In a previous work, it was shown that an increase of phenol photodegradation efficiency could be achieved when the photocatalytic process using TiO 2 is combined with photoFenton reaction (Nogueira and Jardim, 1999) . By the combination of these processes a cycle may be established in which Fe 3+ , generated during the Fenton reaction, acts as an electron scavenger on the TiO 2 surface, avoiding the recombination of electron/hole pairs and consequently favoring the heterogeneous reaction. Besides this effect, the Fe 2+ generated further reacts with H 2 O 2, causing the Fenton reaction. However, a systematic study to evaluate the proposed synergistic effect between iron and TiO 2 under optimized conditions has not yet been done. Multivariate analysis has become an important tool to evaluate the effect of different variables on complex systems with values simultaneously modified according to a factorial design (Barros-Neto et al., 2001 ). This method makes it possible to determine the importance of each variable and the possible synergistic or antagonistic effects between them, as well as the optimal conditions for a specific response. In the study of AOP, many works have shown the importance of the multivariate approach (Watts and Stanton, 1999; Pérez et al., 2001) .
In this work, the effect of combining photocatalytic processes using TiO 2 and photo-Fenton reaction (Fe(NO 3 ) 3 and ferrioxalate complex) was evaluated for the photodegradation of 4-chlorophenol (4CP) and dichloroacetic acid (DCA) in an aqueous medium using a multivariate approach. The importance of each variable in the photodegradation process and to the concentrations of iron, H 2 O 2 and TiO 2 for which the highest removal of total organic carbon (TOC) and dechlorination efficiency of the target compounds are achieved were determined.
Methods

Chemicals
Potassium ferrioxalate (K 3 Fe(C 2 O 4 ) 3 .3H 2 O) was prepared and purified as described by Hatchard and Parker (1956 3 and DCA/FeOx. . The equations used to quantitatively describe each system and draw the response surface and contour plots (not shown) using STATISTICA software (SW7127999218G51) were built based on the experimental data obtained for TOC removal and chloride release after solar irradiation.
Solar photodegradation procedure and energy dose measurements
The photodegradation experiments were carried out during spring and summer in Brazil (21°47′ S; 48°10′ W) exposing 4.5 cm deep (270 mL) suspensions in open dark glass vessels to solar light under continuous magnetic stirring. The irradiation energy dose accumulated during exposure was measured using a radiometer (PMA 2100 Solar Light Co) in the UVA region (320-400 nm) with the sensor placed horizontally. The pH of each target compound solution was adjusted to 2.5 by the addition of H 2 SO 4 3 M before adding the iron, H 2 O 2 and TiO 2 . The initial concentration of both 4CP and DCA was 1.0 mM in all experiments. It is important to mention that no decrease of TOC for either 4CP or DCA was observed when the solutions were exposed to irradiation in the absence of all reagents, indicating that no losses due to evaporation of the compounds occurred.
Chemical analysis
The mineralization of the model compounds was evaluated by TOC analysis using a TOC analyzer (TOC-5000A SHIMADZU) and expressed as percentages of TOC removal. In the case where FeOx was used as the source of Fe 2+ , TOC concentration includes the oxalate content besides of the target compound and intermediates generated. Chloride ions released from the photodegradation of 4CP and DCA were determined by direct potentiometry as described by Nogueira et al. (2002) and expressed as a percentage of the total theoretical amount of these ions that can be released from the model compounds. In addition, the residual H 2 O 2 concentration was determined spectrophotometrically after the reaction with ammonium metavanadate (Oliveira et al., 2001) . All determinations of TOC and Cl -were performed immediately after withdrawal and filtration of samples using 0.45 µm membranes to avoid further reaction. For 4CP determination, solid phase extraction through C-18 cartridges was used to avoid further reaction. The samples were then eluted with methanol and analyzed by reversed phase HPLC analysis using a Varian ProStar 230 equipment and a C-18 column. The detection was performed by UV absorption at 280 nm using a UV-Vis ProStar 310 detector. Methanol/acetic acid 1% (65:35) was used as eluent at a flow rate of 1 mL/min.
Results and discussion
Natural solar light varies considerably during a single day and more so through a whole year, which makes the comparison of solar photodegradation results very difficult. Thus, a set of 16 experiments was carried out to evaluate the reproducibility of results under the same energy dose accumulated during a period of time under different irradiation conditions. DCA, which was used as a model compound, was irradiated in the presence of FeOx (0.80 mM), H 2 O 2 (8.0 mM) and TiO 2 (0.1 g/L). The experiments were carried out in such a way that the suspensions were exposed for a period of time long enough to achieve a fixed irradiation energy dose (1.732 J/cm 2 ) at different times of the day and under varying sky conditions. It was observed that the average TOC removal for all experiments was 70.3% ± 2.8, while the average chloride release was 71.6% ± 6.2 for irradiation times between 7 and 15 minutes. The small standard deviation obtained for TOC removal indicates that the comparison of data is possible once the suspensions are exposed to the same accumulated energy dose. The higher standard deviation of Cl -release, when compared to TOC, is related to the higher error intrinsic to potentiometric determinations. The experiments realized according to the factorial design (Table 1) were carried out under a fixed energy dose of 2.020 J/cm 2 (between 8 and 12 minutes irradiation) to allow the comparison of the results. In addition, the photodegradation was monitored as a function of the energy dose for about one hour of irradiation (Figure 1) . The experimental conditions for all the experiments and the corresponding results obtained can be seen in Table 1 . Low (-) and high (+) levels and central points (0) are indicated. The experimental data were first analyzed to determine a second-order equation that includes the terms of interactions between two variables. Eqs (1)- (4) were obtained based on the statistical analysis of the experimental data shown in Table 1 . The percentage of explained variance for 95% confidence level in each system is shown in parenthesis.
In the case of 4CP dechlorination either with FeOx or Fe 3+ , the explained variance was below 75% and was therefore not considered.
y(TOC/4CP/Fe 3+ ) = 50.42 + 6.20x 1 + 16.21x 2 -1.10x 3 -3.80x 1 2 -1.96x 2 2 -0.84x 3 2 + 5.07x 1 x 2 + 0.25x 1 x 3 -3.03x 2 x 3 (explained variance = 99.8%) (1) y(TOC/4CP/FeOx) = 27.28 + 1.37x 1 + 1.90x 2 -0.83x 3 -1.69x 1 2 -1.51x 2 2 -0.21x 3 2 + 0.09x 1 x 2 + 1.01x 1 x 3 -0.26x 2 x 3 (explained variance = 91.8%) (2) y(TOC/DCA/FeOx) = 64.92 + 2.80x 1 + 0.62x 2 -3.27x 3 -4.03x 1 2 -0.28x 2 2 -0.12x 3 2 + 1.46x 1 x 2 + 3.31x 1 x 3 + 1.24x 2 x 3 (explained variance = 80.5%) (3) y(Cl/DCA/FeOx) = 68.00 + 12.88x 1 -2.10x 2 -3.79x 3 -3.22x 1 2 -0.24x 2 2 -2.96x 3 2 + 0.24x 1 x 2 + 1.61x 1 x 3 + 2.56x 2 x 3 (explained variance = 96.8%)
In Eqs (1) and (2), y represents the response factor that is given by the percentages of TOC removal obtained for 4CP using free iron (TOC/4CP/Fe 3+ ) in Eq. (1), and ferrioxalate (TOC/4CP/FeOx) in Eq. (2). In Eqs (3) and (4), y represents the percentages of TOC removal (TOC/DCA/FeOx) and dechlorination for DCA (Cl/DCA/FeOx), respectively, using FeOx as a source of iron. The variables x 1 , x 2 and x 3 represent iron, peroxide and TiO 2 concentrations, respectively. The coefficients of the quadratic model in the equations were calculated by multiple regression analysis. To analyze the equations, it is important to consider the signs and values of the coefficients, which indicate the importance of each variable. Positive coefficients indicate that photodegradation is favored in the presence of high concentrations of the respective variable within the range studied, while negative coefficients indicate that the reaction is favored in the presence of low concentrations. Positive (1) and (2). However, in the mineralization and dechlorination of DCA, synergistic effects were observed both between FeOx and TiO 2 , as indicated by the high positive coefficient value of x 1 x 3 in Eq. (3) (+3.31), and between H 2 O 2 and TiO 2 , shown by the positive coefficient of x 2 x 3 in Eq. (4) (+2.56) in contrast to Eqs (1) and (2), respectively. It should be noticed that H 2 O 2 is a better electron scavenger (Eq. (5)) than Fe 3+ (Eq. (6)) (Milazzo et al., 1978) and that it may compete with Fe 3+ for electrons in the conduction band of TiO 2. This explains the lack of interaction between iron and TiO 2 (x 1 x 3 ) in 4CP degradation, although in the case of DCA this behavior was not observed.
The optimized concentration range for mineralization of each system was obtained based on Eqs (1)-(3). In order to test the models and the optimized ranges calculated, experiments were carried out using concentrations of iron, H 2 O 2 and TiO 2 within the optimized ranges, indicated in Table 2 . The TOC removals obtained under these conditions are higher, in the case of 4CP, and equal in the case of DCA, than the best results shown in Table 1 , which confirms the optimum ranges calculated and the reliability of the models. In all experiments the concentration of 4CP after 2.020 J/cm 2 irradiation was below the detection limit of HPLC determination (5.4 µM), which corresponds to aproximately 100% conversion. If the photo-Fenton process in the absence of TiO 2 is compared to the combined system using free and complexed iron for the mineralization of 4CP under the optimized conditions described in Table 2 , a minor negative effect of the addition of TiO 2 can be observed when free iron is used ( Figure 1A ). In the case of FeOx, however, the presence of TiO 2 improves TOC removal after approximately 3 J/cm 2 , coinciding with the extinction of H 2 O 2 in the solution ( Figure 1B ). This is explained by the fact that the heterogeneous photocatalytic process is not exclusively dependent on H 2 O 2 for the generation of hydroxyl radicals, although the addition of this oxidant favors the reaction by electron scavenging on the conduction band (Wei et al., 1990) . Therefore, although TiO 2 has a minor effect when compared to the photo-Fenton process alone, it can improve the reaction after longer irradiation times when H 2 O 2 is totally consumed. 
Conclusions
Experiments were carried out under the same total energy dose accumulated during solar irradiation (320-400 nm) to evaluate the role of iron, H 2 O 2 and TiO 2 through experimental design with high explained variances. The results of the factorial analysis showed that the roles of iron and H 2 O 2 in the photodegradation of both 4CP and DCA under solar irradiation are much more important than that of TiO 2 . A higher mineralization efficiency of 4CP was obtained when free iron was used instead of ferrioxalate, either in the presence or absence of TiO 2 . A synergistic effect between ferrioxalate and TiO 2 was observed only for DCA mineralization and dechlorination. The presence of TiO 2, however, became important after the total consumption of peroxide in the mineralization of 4CP.
